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Abstract
Three-dimensional (3-D) reconstruction of inhomogeneous objects of arbi-
trary shapes using electromagnetic (EM) waves has a history of several decades. There
are several research groups working on this subjects. However, it is still a challenge
to solve the EM inverse scattering problem in a stable and high-efficiency way due to
its nonlinearity and ill-posedness. In this work, we focus on the EM forward scattering
and inverse scattering problems in spherically multilayered media.
The dyadic Green’s function for spherically multilayeredmedia is constructed
in terms of the spherical vector wave functions by using the scattering superposition in
the spherically multilayered media and than transformed into the Cartesian coordinate
system. The forward solution is provided by the method of moments(MOM) combined
with Krylov subspace iterative method. In this work, we prefer biconjugate-gradient
stabilized algorithm(BCGS)due to its fast convergence. Numerical results compared
with FDTD solutions from a commercial software are presented to validate the accuracy
and efficiency of our forward solver.
For the inverse problem, we employ the variational Born iterative method to
reconstruct three-dimensional objects with both permittivity and conductivity buried
in the spherically multilayered media. The nonlinear inverse problems are linearized
by Born approximation and than solved iteratively by conjugate-gradient algorithm in
each iteration. The forward solution is provided by MOM combined with Krylov sub-
space iteration method introduced above. Reconstructed results with high resolution are
presented to validate the capability of our method in reconstructing three-dimensional
multiple objects of arbitrary shapes buried in spherically multilayered media.
Key Words: Forward problem; inverse problem; method of moments(MoM); spheri-
cally layered media; variational Born iterative method(VBIM)
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1.1 研究㜂Ქૂᝅѿ
⭥⻱൪൘༽ᵲオ䰤ѝⲴՐ᫝≲䀓൘䗷৫Ⲵࠐॱᒤѻ޵ˈᱟањޜ䇔Ⲵ㓿ި
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ᴹ䟽㾱Ⲵᇎ䱵᜿ѹˈਇࡠҶഭ䱵к䎺ᶕ䎺ཊ、⹄ഒ䱏Ⲵޣ⌘Ǆቔަᱟ䘁ࠐॱᒤ
ԕᶕˈ䲿⵰儈ᙗ㜭䇑㇇ᵪᢰᵟⲴᘛ䙏ਁኅˈབྷ㿴⁑䇑㇇Ⲵᡀᵜ䗵䙏л䱽ˈ⭥⻱
ᮓሴⲴᮠ٬≲䀓ᯩ⌅ਇࡠҶ䎺ᶕ䎺ཊഭ޵ཆ⹄ウഒ䱏Ⲵ䟽㿶Ǆ⴨ሩҾ⨶䇪≲䀓
༽ᵲⴞḷ仈Ⲵ⭥⻱൪Ր᫝䰞仈ˈᮠ٬ᯩ⌅⨶䇪᧘ሬ⴨ሩㆰঅˈ㜭ཏᓄሩ༽ᵲⲴ
ᇎ䱵⧟ຳˈഐ↔ᗇࡠҶᒯ⌋Ⲵޣ⌘Ǆ
⭥⻱൪ޕሴࡠⴞḷ⢙փкᰦˈ׍ᦞ⭥⻱⨶䇪ˈ൘ⴞḷ⢙փ㺘䶒ᡆ㘵փ〟オ
䰤޵䜘Պӗ⭏ㅹ᭸⭥⍱Ⓚо⻱⍱Ⓚˈ㘼䘉Ӌㅹ᭸Ⓚ৸Պ൘オ䰤ѝӗ⭏⭥⻱൪ˈ
ণа㡜᜿ѹкᡰ䈤Ⲵᮓሴ൪ˈⴞḷ⢙փ৸㻛〠ѪᮓሴփǄ൘⭥⻱ᮓሴ䰞仈ѝˈ
ᐢ⸕オ䰤ѝᮓሴփ分ᐳˈ≲䀓⢩ᇊ◰࣡лオ䰤⭥⻱൪分ᐳⲴ䰞仈ˈᡁԜ〠Ѫ↓
ੁ䰞仈ˈ৸〠Ѫ↓╄ǄሩҾ↓╄䰞仈ˈᡁԜᰒਟԕӾᰦฏк䘋㹼分᷀ˈֻྲᰦ
ฏᴹ䲀ᐞ分⌅ (Finit Difference Time Domain,FDTD)ㅹᯩ⌅˗ҏਟԕӾ仁ฏк࡙
⭘ᒦ⸒Ṭ᷇࠭ᮠ㔃ਸփ〟分ᯩ〻ˈ䟷⭘⸙䟿⌅ (Method of Moments)䘋㹼≲䀓Ǆ
ᵜ᮷ᐕ֌ˈѫ㾱㔃ਸ⸙䟿⌅≲䀓⨳䶒分ቲ㛼Ჟлփ〟分ᯩ〻ˈӾ㘼䀓ߣ⭥
⻱ᮓሴǃ䘶ᮓሴ䰞仈Ǆ⭡Ҿփ〟分ᯩ〻ᱟ䘎㔝Ⲵᯩ〻ˈѪҶ䘲ᓄᮠ٬≲䀓ˈᡁ
Ԝ䴰㾱ሶ䘎㔝ᯩ〻⿫ᮓॆˈ❦ਾ࡙⭘ᮠ٬ᯩ⌅≲䀓䈕䰞仈Ǆᵜ᮷䟷⭘Ҷ Glerkin
ᯩ⌅䘋㹼Ҷփ〟分ᯩ〻Ⲵ⿫ᮓˈ❦ਾ࡙⭘ᮠ٬ᯩ⌅䘋㹼≲䀓Ǆ
ᮠ٬ᯩ⌅≲䀓哖ݻᯟ世ᯩ〻㓴ˈቡᱟᢺ䘎㔝Ⲵ䰞仈⿫ᮓॆˈ䖜ᦒᡀׯҾ䇑
㇇ᵪ≲䀓Ⲵ䰞仈ˈ⭡↔ਁኅࠪҶ䇑㇇⭥⻱学䘉䰘、学ǄӾ৏⨶к䇢ˈྲ᷌ᰐ䲀
ᓖⲴᨀ儈⿫ᮓ㋮ᓖˈᮠ٬䀓ਟԕᰐ䲀䎻䘁оⵏᇎ䀓ˈਟԕᓄ⭘൘ԫօањ䰞仈
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ᙫփкˈⴞࡽᐢ㓿ਟԕ䙊䗷ᮠ٬ᯩ⌅㧧ᗇ䖳Ѫ㋮⺞Ⲵ⭥⻱൪䀓Ǆ
⭥⻱৽╄䰞仈ᤷ൘ӵ⸕䚃䟽ᔪ४ฏ㛼Ჟˈޕሴ⌒઼ⴞḷᮓሴ൪Ⲵᛵߥлˈ
䘋㹼䟽ᔪ४ฏ⭥৲ᮠ৽╄Ⲵ䗷〻Ǆ䙊䗷⭥⻱৽╄ᡁԜਟԕᗇࡠ䟽ᔪⴞḷ४ฏⲴ
ᮓሴփؑ᚟ˈवᤜᮓሴփⲴབྷሿᖒ⣦઼⭥৲ᮠǄሩҾൠ⨳⢙⨶ई᧒ǃ㘳ਔǃ෾
ᐲ㇑䚃Ự⍻ǃབྷ≄、学ǃ䚕ᝏᢰᵟㅹཊᯩ䶒ާᴹ䟽㾱Ⲵᇎ䱵᜿ѹǄഭ޵ཆҏᴹ
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⨳䶒分ቲӻ䍘ѝⲴ⭥⻱ᮓሴ৺৽╄⹄ウ
ᖸཊн਼Ⲵഒ䱏ˈሩ࡙⭘⭥⻱⌅䘋㹼᧒⍻㺘⧠ࠪҶᶱབྷⲴޤ䏓ˈᒦфਁኅࠪҶ
䇨ཊ㓯ᙗ઼䶎㓯ᙗⲴ৽╄㇇⌅Ǆ䙊ᑨ৽╄䰞仈Ⲵᯩ〻ᱟ⅐ᇊⲴǃ䶎㓯ᙗⲴˈф
ᵚ⸕䟿䘌䘌བྷҾᐢ⸕䟿ˈഐ↔൘≲䀓䀓᷀䀓ᰦॱ分ഠ䳮Ǆ䟷⭘ᮠ٬䀓ˈ䘋㹼ⴞ
ḷ४ฏⲴ⭥⌅䟽ᔪ৽╄൘ᇎ䱵ѝᖸᴹᓄ⭘ԧ٬ǄሩҾൠ⨳⢙⨶ㅹབྷቪᓖ㤳ത޵
Ⲵ⭥⻱৽╄ˈᐢ㓿н㜭ㆰঅൠሶൠ⨳ㅹ᭸Ѫᒣ䶒分ቲӻ䍘Ǆഐ↔ˈᵜ䈮仈Ⲵ⹄
ウሩҾൠ⨳⢙⨶བྷቪᓖ㤳ത޵Ⲵई᧒ާᴹ䟽㾱Ⲵᇎ䱵᜿ѹǄ
1.1.1 研究ࣞᵰૂⴤḽ
㠚❦⭼ѝˈࠐ⿽ᴰᑨ㿱ㆰঅⲴ㛼Ჟӻ䍘Ѫޘオ䰤൷रӻ䍘ǃᒣ䶒分ቲӻ䍘ǃ
⨳䶒分ቲӻ䍘ˈަѝॺオ䰤ӻ䍘Ѫᒣ䶒分ቲӻ䍘ѝⲴ⢩↺ᛵߥǄሩҾ㠚⭡オ䰤
৺ᒣ䶒分ቲӻ䍘ѝⲴ⭥⻱ᮓሴǃ䘶ᮓሴ䰞仈ˈഭ޵ཆᴹᖸཊ⹄ウഒ䱏ሩ↔䘋㹼
Ҷ␡ޕⲴ⹄ウǄ❦㘼ˈ⨳䶒分ቲӻ䍘ѝⲴ⭥⻱ᮓሴǃ䘶ᮓሴ䰞仈তᖸቁᴹഒ䱏
䘋㹼䗷⹄ウǄᵜ᮷ѫ㾱䘋㹼Ҷ⨳䶒分ቲӻ䍘ѝˈ⭥⻱ᮓሴǃ䘶ᮓሴ䰞仈Ⲵ⹄ウǄ
ሩҾ⨳䶒分ቲ类լⲴᔰฏ䰞仈ˈᵜ᮷䟷⭘⸙䟿⌅㔃ਸ Krylovᆀオ䰤䘝ԓⲴᯩᔿˈ
≲䀓⭥⻱ᮓሴ䰞仈Ⲵփ〟分ᯩ〻ˈণᆼᡀ↓╄䜘分Ǆ❦ਾ࡙⭘ Born䘁լᢺ৽╄
䰞仈ѝⲴ䶎㓯ᙗ䰞仈㓯ᙗॆˈ䟷⭘ Variational Born iterative method(VBIM)ᆼᡀ
Ҷ⨳䶒分ቲӻ䍘৽╄䰞仈Ⲵ≲䀓Ǆ
ᵜ᮷ᆼᡀҶ⨳䶒分ቲӻ䍘ѝⲴ⭥⻱ᮓሴǃ䘶ᮓሴ䰞仈Ⲵ⹄ウˈሩҾ⨳䶒分
ቲӻ䍘ѝ䟽ᔪ४ฏⲴ৽╄ާᴹ䟽㾱Ⲵᇎ䱵᜿ѹǄ
1.2 ᵢᮽ的㔉ᶺᆿᧈ
ᵜ᮷ѫ㾱⹄ウ⨳䶒分ቲӻ䍘ѝˈ⭥⻱ᮓሴ↓╄઼৽╄䰞仈Ǆ↓╄ᯩ䶒ˈѫ
㾱࡙⭘⸙䟿⌅㔃ਸ Krylovᆀオ䰤䘝ԓ≲䀓Maxwellᯩ〻㓴Ⲵ〟分ᖒᔿ˗৽╄ᯩ
䶒ˈ俆ݸ࡙⭘ Born䘁լˈሶ⭥⻱৽╄䰞仈㓯ᙗॆˈ❦ਾ䙊䗷 VBIM(Variational
Born Iterative Method)䘋㹼䟽ᔪ४ฏӻ⭥ᑨᮠ઼⭥ሬ⦷Ⲵ㚄ਸ৽╄ǄѪҶ傼䇱↓
╄㇇⌅Ⲵ↓⺞ᙗˈᡁԜሶ࡙⭘ᵜ᮷㇇⌅䇑㇇ࠪᶕⲴ⨳䶒分ቲӻ䍘፼ޕᮓሴփਾ
オ䰤ѝ⭥൪分ᐳᛵߥо୶ъԯⵏ䖟ԦWavenologyⲴԯⵏ㔃᷌䘋㹼ሩ∄Ǆᮓሴփ
޵䜘઼䇮㖞Ⲵཆ䜘㿲⍻⛩༴Ⲵ⭥൪ᇎ䜘઼㲊䜘ሩ∄㔃᷌ˈ䇱᰾Ҷᵜ᮷ᨀࠪ↓╄
㇇⌅Ⲵᴹ᭸ᙗǄѪҶ傼䇱ᵜ᮷ᡰ䟷⭘Ⲵ৽╄㇇⌅ˈᡁԜ分࡛䘋㹼অ⢙փ઼ཊ⢙
փⲴ৽╄䟽ᔪˈ਼ᰦެ亮Ҷ⭥ሩ∄ᓖ Ѫ↓ᡆ䍏ⲴᛵߥǄ䟽ᔪ㔃᷌ᖸྭⲴ䈤᰾
Ҷ᮷ㄐѝ䟷⭘Ⲵᯩ⌅㜭ཏᖸྭ䘈৏৽╄४ฏᮓሴփⲴӻ⭥ᑨᮠ઼⭥ሬ⦷ˈ਼ᰦ
ሩҾᮓሴփⲴオ䰤ս㖞઼ᖒ⣦䜭ާᴹ䖳儈Ⲵ䘈৏ᓖǄ
ᵜ᮷分Ѫޝњㄐ㢲ˈަ㔃ᶴᆹᧂྲл˖
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ㅜаㄐ 㔚䇪
ㅜаㄐѪ㔚䇪ˈӻ㓽Ҷᵜ᮷⹄ウᐕ֌Ⲵ㛼Ჟ઼᜿ѹˈӻ㓽Ҷ⭥⻱ᮓሴǃ䘶
ᮓሴ䰞仈൘ഭ޵ཆⲴ⹄ウ⧠⣦৺ᓄ⭘ࡽᲟǄ䪸ሩᵜ᮷䘋㹼Ⲵᐕ֌ˈ䟽⛩ӻ㓽Ҷ
ഭ޵ཆ⹄ウഒ䱏൘⨳䶒分ቲ㛼ᲟлⲴ⹄ウ䘋ኅᛵߥǄ❦ਾˈㆰঅࡇѮҶᵜ᮷ᐕ
֌Ⲵࡋᯠѻ༴ˈᇎ⧠Ҷ⨳䶒分ቲӻ䍘㛼Ჟлˈ䶎൷र⢙փⲴ⭥⻱ᮓሴǃ䘶ᮓሴ
䰞仈Ǆ
ㅜҼㄐ࡙⭘⌒⸒䟿࠭ᮠˈ㔃ਸᒦ⸒䟿Ṭ᷇࠭ᮠⲴสᵜᾲᘥ઼⨳䶒分ቲӻ䍘
㛼Ჟ䗩⭼ᡰ䴰┑䏣Ⲵ䘎㔝ᙗᶑԦˈ᧘ሬ㔉ࠪҶ⨳䶒分ቲӻ䍘ѝᒦ⸒Ṭ᷇࠭ᮠⲴ
ާփ㺘䗮ᖒᔿǄ⨳䶒分ቲӻ䍘ѝⲴᒦ⸒Ṭ᷇࠭ᮠਟԕㆰঅⲴ分Ѫⴤ䗮⌒ᕅ䎧઼
⭡Ҿ⨳䶒分ቲӻ䍘ᕅ䎧Ⲵᮓሴ⌒є䜘分Ǆ൘⨳඀ḷ㌫лˈਟԕ࡙⭘⌒⸒䟿࠭ᮠ
㔃ਸᮓሴᒣ〫нਈᙗᶴ䙐ᒦ⸒Ṭ᷇࠭ᮠǄᮓሴᒦ⸒Ṭ᷇࠭ᮠ㌫ᮠ┑䏣䗩⭼䘎㔝
ᙗᶑԦ઼ Maxwellᯩ〻㓴ˈ㔉ࠪҶ⸙䱥ᖒᔿⲴ䙂᧘ޣ㌫ᔿǄ䙊䗷䈕ޣ㌫ᔿˈਟ
ԕᗇࡠԫ᜿⨳䶒分ቲӻ䍘Ⲵᒦ⸒Ṭ᷇࠭ᮠǄ❦ਾˈ䇑㇇㔉ࠪҶєቲǃйቲ⨳䶒
分ቲᛵߥлˈᒦ⸒Ṭ᷇࠭ᮠⲴᮓሴ㌫ᮠ㺘䗮ᔿǄ࡙⭘փ〟分ᯩ〻ˈሶᒦ⸒Ṭ᷇
࠭ᮠ䖜ᦒѪ⭥൪٬ਾˈо୶ъԯⵏ䖟Ԧԯⵏ㔃᷌䘋㹼Ҷ∄䖳ˈ䇱᰾Ҷᵜㄐᡰ㔉
ࠪޜᔿⲴ↓⺞ᙗˈ਼ᰦҏਁ⧠Ҷᖃ◰࣡Ⓚ઼㿲⍻⛩սҾ਼а⨳༣кᰦ൪٬㲊䜘
ᡰᆈ൘Ⲵн᭦ᮋ⧠䊑Ǆ
ㅜйㄐ䪸ሩㅜҼㄐᮠ٬㔃᷌㇇ֻѝࠪ⧠Ⲵ㲊䜘н᭦ᮋ⧠䊑䘋㹼Ҷ␡ޕ᧒䇘
⹄ウˈਁ⧠ҶṩⓀᱟ㠚⭡オ䰤ᒦ⸒Ṭ᷇࠭ᮠ⸒䟿⌒ኅᔰ㺘䗮ᖒᔿ൘◰࣡Ⓚо㿲
⍻⛩սҾ਼а⨳༣кᰦᆈ൘н᭦ᮋǄ㔉ࠪҶа㡜Ⲵ䀓ߣᯩṸˈ࡙⭘㠚⭡オ䰤ᒦ
⸒Ṭ᷇࠭ᮠⲴ䀓᷀㺘䗮ᖒᔿᴯԓ⸒䟿⌒ኅᔰᖒᔿǄ⭡Ҿᵜ᮷䘋㹼Ⲵਾ㔝↓╄ǃ
৽╄Ⲵ≲䀓ᐕ֌൘ⴤ䀂඀ḷ㌫л䘋㹼ˈഐ↔ˈᵜ᮷䘹ᤙሶ⨳඀ḷ㌫лᶴᔪⲴᮓ
ሴᒦ⸒Ṭ᷇࠭ᮠ䖜ᦒࡠⴤ䀂඀ḷ㌫лǄ❦ਾ࣐к㠚⭡オ䰤ᒦ⸒Ṭ᷇࠭ᮠⲴ䀓᷀
㺘䗮ᖒᔿˈቡ㧧ᗇҶᆼ༷Ⲵⴤ䀂඀ḷ㌫л⨳䶒分ቲӻ䍘Ⲵᒦ⸒Ṭ᷇࠭ᮠǄ⭡Ҿ
⨳඀ḷ㌫лˈоⴤ䀂඀ḷ㌫лн਼ˈս㖞⸒䟿 r઼ r0༴Ⲵสੁ䟿൘ rǃr0н൘਼
аᶑሴ㓯кᰦᱟн਼Ⲵˈᵜㄐѫ㾱ӻ㓽Ҷ⨳඀ḷ㌫лᒦ⸒Ṭ᷇࠭ᮠ䖜ᦒࡠⴤ䀂
඀ḷ㌫лᒦ⸒Ṭ᷇࠭ᮠⲴ䖜ᦒޣ㌫ˈѪਾ᮷Ⲵᐕ֌ྐᇊส⹰Ǆ
ㅜഋㄐ൘ࡽ᮷㧧ᗇ⨳䶒分ቲӻ䍘ᒦ⸒Ṭ᷇࠭ᮠⲴส⹰кˈ䘋㹼Ҷ⭥⻱ᮓሴ
䰞仈Ⲵ⹄ウǄ俆ݸӻ㓽Ҷ⭥⻱䰞仈Ⲵփ〟分ᯩ〻≲䀓৏⨶ˈ❦ਾ࡙⭘⸙䟿⌅㔃
ਸ Krylovᆀオ䰤䘝ԓⲴᯩ⌅ˈ߿ቁҶ⸙䱥≲䘶ᑖᶕⲴ䇑㇇䍴Ⓚ⎸㙇ˈ≲䀓Ҷ⨳
䶒分ቲӻ䍘ѝᮓሴփ፼ޕԫ᜿ቲᰦⲴ⭥⻱ᮓሴ䰞仈Ǆ
ㅜӄㄐᆼᡀҶ⨳䶒分ቲӻ䍘ѝ⭥⻱䘶ᮓሴ䰞仈Ǆ俆ݸӻ㓽ҶสҾ Born䘁լ
Ⲵй⿽⭥⻱৽╄ᯩ⌅ˈ❦ਾ∄䖳й⿽н਼ᯩ⌅ⲴՈ࣓㔉ࠪҶ⭘Ҿ⨳䶒分ቲӻ䍘
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⨳䶒分ቲӻ䍘ѝⲴ⭥⻱ᮓሴ৺৽╄⹄ウ
ѝ৽╄䰞仈ѝⲴ䘹ᤙǄѪҶ傼䇱ᵜ᮷ᨀࠪⲴ⭥⻱৽╄ᯩ⌅ˈᡁԜ࡙⭘ Variational
Born iterative method(VBIM)䘋㹼Ҷйቲ⨳䶒分ቲӻ䍘ѝⲴঅⴞḷ⢙փ઼ཊⴞḷ
⢙փⲴӻ⭥ᑨᮠ઼⭥ሬ⦷Ⲵ਼ᰦ৽╄䟽ᔪᐕ֌Ǆ
ㅜޝㄐሩ⺅༛ᵏ䰤Ⲵᐕ֌䘋㹼Ҷᙫ㔃઼ኅᵋˈࡇѮҶ⺅༛ᵏ䰤ᐕ֌Ⲵѫ㾱
䍑⥞ˈᒦሩ⹄ウ䈮仈䘋㹼ҶаᇊⲴ分᷀ˈᤷࠪҶ䴰㾱䘋а↕⹄ウⲴൠᯩǄ
1.3 ᵢᮽ的ѱ㾷䍗⥤
ᵜ᮷ѫ㾱䪸ሩ⨳䶒分ቲӻ䍘ѝⲴ⭥⻱ᮓሴǃ䘶ᮓሴ䰞仈䘋㹼Ҷ␡ޕ⹄ウǄ
ㅜҼǃㅜйㄐѝᙫ㔃ᇎ⧠Ҷഭ޵ཆ⹄ウഒ䱏൘⨳䶒分ቲӻ䍘ѝᒦ⸒Ṭ᷇࠭ᮠ
Ⲵ⴨ޣ⹄ウᡀ᷌ˈᒦ࡙⭘〟分ᯩ〻ሶަ䖜ᦒᡀ⭥൪٬ˈоสҾᰦฏᴹ䲀ᐞ分
(FDTD)㇇⌅Ⲵ୶ъԯⵏ䖟ԦWavenology䘋㹼Ҷሩ∄ˈ䇱᰾Ҷ⨳䶒分ቲӻ䍘ѝ
ᒦ⸒Ṭ᷇࠭ᮠⲴ↓⺞ᙗǄ
൘⹄ウ䗷〻ѝˈᡁԜਁ⧠ޣҾ⨳䶒分ቲӻ䍘Ⲵ⹄ウสᵜਚڌ⮉޽ᒦ⸒Ṭ᷇
࠭ᮠⲴᶴᔪкˈࠐѾ⋑ᴹ⹄ウഒ䱏ሶަ᧘ᒯࡠ⨳䶒分ቲӻ䍘ѝ⭥⻱ᮓሴ䰞仈кǄ
ᵜ᮷ᡁԜ৲➗ᒣ䶒分ቲӻ䍘ѝ⭥⻱ᮓሴ䰞仈Ⲵ⴨ޣ⹄ウᯩ⌅ˈሶ⸙䟿⌅ (MOM)
㔃ਸ Krylovᆀオ䰤䘝ԓ㇇⌅ᡀ࣏ᓄ⭘ࡠ⨳䶒分ቲӻ䍘ѝˈӾ㘼䀓ߣҶ⨳䶒分ቲ
ӻ䍘፼ޕԫ᜿ᖒ⣦䶎൷रᮓሴփᰦⲴ⭥⻱ᮓሴ䰞仈Ǆ਼ᰦˈ䙊䗷йቲ分ቲӻ䍘
ѝᙫ൪ᮓሴ൪о Wavenologyԯⵏ㔃᷌Ⲵሩ∄ˈ傼䇱Ҷᵜ᮷ᡰᨀࠪᯩṸⲴᴹ᭸
ᙗǄㅜӄㄐˈ൘ᡀ࣏䀓ߣҶ⨳䶒分ቲӻ䍘ᮓሴ䰞仈Ⲵส⹰кˈ䘋㹼Ҷ䟽ᔪ४ฏ
⭥⻱৽╄ᯩ䶒Ⲵ⹄ウǄ൘ᙫ㔃ࡽӪ࡙⭘ Born䘁լࠐ⿽䘝ԓ৽╄㇇⌅Ⲵส⹰кˈ
分᷀਴㠚Ո࣓ˈ䘹ᤙҶ Variational Born iterative method˄VBIM˅㇇⌅ڊѪ⨳䶒
分ቲӻ䍘ѝ৽╄䟽ᔪⲴᯩ⌅Ǆ❦ਾˈ䙊䗷йቲ⨳䶒分ቲӻ䍘ѝˈঅ⢙փ৺ཊⴞ
ḷᛵߥлӻ⭥ᑨᮠ઼⭥ሬ⦷Ⲵ㚄ਸ৽╄ˈ䇱᰾Ҷ VBIM㇇⌅൘⨳䶒分ቲӻ䍘ѝ
Ⲵᴹ᭸ᙗǄᵜ᮷㔃᷌ˈሩҾ㹼ᱏ᧒⍻ˈབྷ≄ቲ᧒⍻ˈ⎧⌻᧒⍻ㅹ⴨ޣ⨳䶒分ቲ
⁑රлⲴई᧒ާᴹ䟽㾱Ⲵᇎ䱵᜿ѹǄ
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ㅜҼㄐ ⨳䶒分ቲӻ䍘ᒦ⸒Ṭ᷇࠭ᮠⲴ≲䀓
ㅢӂㄖ 球面分层介质ᒬ⸘Ṳ᷍࠳ᮦ的≸䀙
2.1 ᕋ䀶
ᒦ⸒Ṭ᷇࠭ᮠ (dyadic Green’s functions)(DGF)൘⭥⻱ᮓሴ䰞仈кާᴹᖸ䟽
㾱Ⲵ᜿ѹǄሩҾа⿽ᐢ⸕㔃ᶴⲴӻ䍘ˈྲ᷌ᡁԜ㜭ཏ㧧ᗇ䈕ӻ䍘ѝⲴᒦ⸒Ṭ
᷇࠭ᮠˈ䛓Ѹˈ൘⺞ᇊ◰࣡лˈ⭥⻱൪൘オ䰤ѝⲴ分ᐳᛵߥˈᡁԜ䜭ਟԕ䙊䗷
Maxwellᯩ〻Ⲵ〟分ᖒᔿ㧧ᗇǄ
ⴞࡽˈц⭼к਴њ⹄ウഒ䱏ሩҾᒦ⸒Ṭ᷇࠭ᮠⲴ⹄ウสᵜ䳶ѝ൘൷रӻ䍘ǃ
ᒣ䶒分ቲӻ䍘ѝˈᒦਆᗇҶ⴨ሩѠ⺅Ⲵᡀ᷌ [1–5]Ǆ㘼ሩҾ⨳䶒分ቲӻ䍘Ṭ᷇࠭ᮠ
Ⲵ⹄ウˈ⴨ሩ䖳ቁǄオ䰤ѝᆈ൘অњ⨳රᮓሴփⲴ⭥ӻ䍘ᛵߥлˈ᮷⥞ [6] [7] ѝ
ᐢ㓿ᨀࠪҶ䀓᷀䀓ˈMie级ᮠˈሶ⨳փⲴᮓሴ䰞仈分䀓ᡀ Mie级ᮠⲴ㍟࣐Ǆ䘁
ᒤᶕˈ਴њ⹄ウഒ䱏䙀↕ᶴᔪҶᴤ༽ᵲⲴᛵߥˈֻྲєቲ⨳䶒分ቲӻ䍘ˈ◰࣡
ⓀսҾᴰཆቲⲴᛵߥ [8]˗ᴹᦏ㙇Ⲵഋቲ⨳䶒分ቲӻ䍘ѝˈ◰࣡ⓀսҾᴰ޵ቲⲴ
䀓 [9];ഋቲ⨳䶒分ቲӻ䍘ˈ◰࣡ⓀսҾᴰཆቲⲴ䀓 [10]ǄᵾҀՏᮉᦸ൘㔬ਸࡽӪ⹄
ウᐕ֌Ⲵส⹰кˈ൘᮷⥞ [11] [12]ѝᙫ㔃ᨀࠪҶཊቲ⨳䶒分ቲӻ䍘ѝᒦ⸒Ṭ᷇࠭ᮠ
Ⲵа㡜䙂᧘ޣ㌫ᔿǄ᮷⥞ [11]ѝᨀࠪⲴ⨳䶒分ቲӻ䍘ѝᒦ⸒Ṭ᷇࠭ᮠⲴ䙂᧘㺘䗮
ᔿᡀѪᵜ᮷⹄ウᐕ֌Ⲵ䟽㾱ส⹰Ǆᵜㄐѫ㾱Ӿ Maxwellᯩ〻㓴ࠪਁˈӻ㓽Ҷ⨳
䶒分ቲѝˈᒦ⸒Ṭ᷇࠭ᮠⲴ䙂᧘ޣ㌫ᔿǄ䙊䗷ሩ∄࡙⭘ᒦ⸒Ṭ᷇࠭ᮠ䇑㇇ᡰᗇ
⨶ᜣ⛩⭥㦧Ⓚ◰࣡ᛵߥлオ䰤⭥൪分ᐳо࡙⭘୶ъ䖟ԦWavenologyԯⵏᡰᗇ⭥
൪分ᐳᛵߥˈ࠷ᇎ䇱᰾䈕㺘䗮ᔿⲴ↓⺞ᙗˈ਼ᰦҏਁ⧠ަѝᆈ൘Ⲵн᭦ᮋ⧠䊑Ǆ
䪸ሩ㇇ֻѝࠪ⧠Ⲵн᭦ᮋ⧠䊑ˈሶ൘лаㄐ㢲ѝ䘋㹼␡ޕ⹄ウ䇘䇪Ǆ
2.2 ᒬ⸘Ṳ᷍࠳ᮦ
ᒦ⸒Ṭ᷇࠭ᮠ൘≲䀓⭥⻱൪䗩⭼䰞仈ᰦᢞ╄Ҷ䟽㾱Ⲵ䀂㢢ˈਟԕ䈤ᒦ⸒Ṭ
᷇࠭ᮠⲴ≲䀓ᱟ〟分ᯩ〻≲䀓⭥⻱൪䰞仈ⲴṨᗳ䜘分ǄሩҾㆰঅⲴ൷रӻ䍘ǃ
ॺオ䰤⭊㠣ཊቲᒣ䶒分ቲӻ䍘ѝˈᒦ⸒Ṭ᷇࠭ᮠⲴ≲䀓ᐢ㓿㻛⹄ウⲴ⴨ሩ䖳ཊǄ
❦㘼ˈ֌Ѫ㠚❦⭼ѝᴰㆰঅⲴ分ቲӻ䍘ѻаⲴ⨳䶒分ቲ㛼Ჟлˈᒦ⸒Ṭ᷇࠭ᮠ
Ⲵ⹄ウࡉ䘋㹼Ⲵ⴨ሩ䖳ቁǄ
Ӿ Maxwellᯩ〻㓴ࠪਁˈᡁԜਟԕᖸᇩ᱃Ⲵᗇࡠオ䰤ѝ⭥⻱൪┑䏣Ⲵԕл
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